Microsatellites, or simple sequence repeats (SSRs), have been the most widely applied class of molecular markers used in genetic studies, with applications in many fields of genetics including genetic conservation, population genetics, molecular breeding, and paternity testing. This range of applications is due to the fact that microsatellite markers are co-dominant and multi-allelic, are highly reproducible, have high-resolution and are based on the polymerase chain reaction (PCR). When first introduced, the development of microsatellite markers was expensive but now new and efficient methods of repetitive sequence isolation have been reported, which have led to reduced costs and microsatellite-technology has been increasingly applied to several species, including non-model organisms. The advent of microsatellite markers revolutionized the use of molecular markers but the development of biometric methods for analyzing microsatellite data has not accompanied the progress in the application of these markers, with more effort being need to obtain information on the evolution of the repetitive sequences, which constitute microsatellites in order to formulate models that fit the characteristics of such markers. Our review describes the genetic nature of microsatellites, the mechanisms and models of mutation that control their evolution and aspects related to their genesis, distribution and transferability between taxa. The implications of the use of microsatellites as a tool for estimating genetic parameters are also discussed.
Introduction
During the twenty-first century, the protection of biodiversity is expected to be both crucial and continuing, with conservation genetics being of primary importance for avoiding the extinction of most endangered species alongside the ecological, political and economic aspects of biodiversity protection. The application of molecular techniques, including genome approaches, to conservation genetics has made possible the examination of the genetics of species in danger of extinction and genetic analysis has become widely used in conservation research.
Traditional molecular markers have, in general, provided insufficient statistical power and accuracy for estimating genetic differences but the discovery of highly variable loci such as microsatellites means that the statistical power available for determining differentiation between species groups at risk of extinction is now often very high (Hedrick, 2001 and references therein).
Microsatellites, also known as simple sequence repeats (SSR) or short tandem repeats (STR), are non-coding repetitive DNA regions composed of small motifs of 1 to 6 nucleotides repeated in tandem, which are widespread in both eukaryotic and prokaryotic genomes (Field and Wills, 1998; Tóth et al., 2000) . Broadly used as genetic markers, microsatellites have a particular attribute in that they suffer higher rates of mutation than the rest of the genome (Jarne and Lagoda, 1996) . Microsatellites are classified according to the type of repeat sequence as perfect, imperfect, interrupted or composite. In a perfect microsatellite the repeat sequence is not interrupted by any base not belonging to the motif (e.g. TATATATATATATATA) while in an imperfect microsatellite there is a pair of bases between the repeated motifs that does not match the motif sequence (e.g. TATATATACTATATA). In the case of an interrupted microsatellite there is a small sequence within the repeated sequence that does not match the motif sequence (e.g. TATATACGTGTATATATATA) while in a composite microsatellite the sequence contains two adjacent distinctive sequence-repeats (e.g. TATATATATAGTGTGTGT GT).
In the past few years, microsatellites have attracted the attention of researchers for a number of reasons, including their extensive use in the construction of genetic maps of several types of organisms (Knapik et al., 1998; Cregan et al., 1999) , the association between the instability of the number of repeats and human genetic diseases (Mahadevan et al., 1992; Stallings, 1994; O'Donnell and Warren, 2002) , their practicability and ease of use in studies of population genetics, and for genotyping and paternity analysis (Wright and Bentzen, 1994; Schlötterer, 2000) .
Although originally designed for research in humans, microsatellite analysis has become a powerful tool for research on animals (Schlötterer et al., 1991) and plants (Dayanandan et al., 1997; White and Powell, 1997; Steinkellner et al., 1997; Cipriani et al., 1999; Roa et al., 2000; Collevatti et al., 2001) . According to Heywood and Iriondo (2003) , microsatellite markers provide relevant information for identifying conservation units and for investigating the genetic processes that take place in populations such as patterns of gene flow, generation of genetic neighborhoods and the incidence of genetic drift. Currently, microsatellite markers are commonly employed for the analysis of plant population genetic structure of both wild (Zucchi et al., 2002) and crop species (Pinto et al., 2003a, b) because of their co-dominant nature and high informativeness.
More recent research based on expressed sequence tags (ESTs) suggest that the frequency of microsatellites in plants is greater than was previously thought, with Morgante et al. (2002) having found that the number of microsatellites per Mb is about 1844 in Arabidopsis thaliana, 2757 in rice, 2000 in soybean, 1470 in maize and 1796, in wheat.
Until a few years ago, microsatellites were thought to be selectively neutral markers and not affected by selective pressures. However, it is now evident that the expansion of the number of repeats may cause human diseases. For example, Huntington's disease is caused by increases in the length of a CAG motif repeat present in the huntingtin protein gene on human chromosome 4 (Moxon and Wills, 1999) , and an increasing number of neurodegenerative disorders have been related to expanded microsatellite repeats, mainly in the tri-nucleotide class (Goldstein and Schlotterer, 1999; Cummings and Zoghbi, 2000; Everett and Wood, 2004) . Quite interesting is the fact that microsatellites are preferentially associated with non-repetitive DNA in plant genomes i.e. they frequently occur within and near genes (Morgante et al., 2002) .
Genetic Features of Microsatellites
An homozygous microsatellite locus has the same number of repeats on both homologous chromosomes, whereas a heterozygous microsatellite locus has a different number of repeats for each allele e.g. one allele can contain 9 repeats and the other 10. However, at the same locus the population as a whole usually contains several alleles each with a different number of repeats, which means that microsatellite markers are very useful for discriminating different individuals. Assuming that m is the number of alleles in a population, the maximum number of different genotypes (NDG) will be m(m + 1)/2 and the number of possible heterozygous genotypes (NHG) will be m(m -1)/2, e.g. if m = 48, NDG = 1,176 and NHG = 1,128. The high discriminating power of microsatellites is an important characteristic which justifies their use in population genetic studies and forensic science.
Mutation Mechanisms
Although microsatellites have been extensively used in a considerable number of studies covering the most varied areas of genetics, the mutational dynamics of these genomic regions is still not well understood (Schlötterer, 2000) , although it is known that the mutation rate of microsatellites is much higher than that of other parts of the genome, ranging from 10 -2 to 10 -6 nucleotides per locus per generation (Sia et al., 2000 and references therein) .
Several mechanisms have been suggested to explain the high mutation rate of microsatellites, including errors during recombination, unequal crossing-over and polymerase slippage during DNA replication or repair (Strand et al., 1993) .
In regard to the inclusion of errors during recombination, Levinson and Gutman (1987) found that strains of Escherichia coli with or without a functional recombination system had a similar mutation rate, suggesting that recombination is not the predominant mechanism in the generation of microsatellite variability.
When unequal crossing-over occurs, there can be drastic changes such as the loss or gain of a large number of repeats. This is because when microsatellite repetitive regions are present, a hairpin (the dark region in Figure 1 ) can be formed during synapsis, which means that only parts, usually unequal in length, of each chromosome will be exchanged and one chromosome will receive a larger fragment because of the larger number of microsatellite repeats exchanged, the homologues chromosome receiving a smaller number of repeats.
During DNA replication or repair, DNA polymerase slippage can occur in which one DNA strand temporarily dissociates from the other and rapidly rebinds in a different position, leading to base-pairing errors and continued lengthening of the new strand and an increase in the number of repeats (i.e. additions) in the allele if the error occurs on the complementary strand or a decreased number of repeats (i.e. deletions) if the error occurs on the parent strand (Figure 2) .
High rates of slippage have been demonstrated but these appear to lead to only small changes in the number of repeats (Hentschel, 1982; Streisinger and Owen, 1985; Schlötterer and Tautz, 1992) . Slippage can destabilize microsatellites either because there is no effective repair system for DNA loops or because of alterations in DNA polymerase or its cofactors that result in increased slippage rates. Mutations in the genes of the DNA repair system substantially increase (up to 700 times) microsatellite instability in E. coli (Bichara et al., 2000) , yeast (Strand et al., 1993; Sia et al., 1997) and mammal cells (Kolodner and Marsischky, 1999) while mutations affecting the DNA polymerase correction domain produce less drastic effects (Sia et al., 2000) .
Mutation Rates: The Theoretical Models
An important question to be answered is which theoretical model should be applied to correctly determine population genetic parameters obtained from microsatellite data. Mutational models are used to derive the expected number of alleles in a population from the observed heterozygosity and also in the statistical analyses of genetic variation, but all models have some disadvantages when applied to microsatellite data. In general, four models can be used.
Infinite alleles (IA) model
In this model, each mutation randomly creates a new allele. Applying this model to microsatellite loci, mutations alter the number of repeats. For example, an allele with 10 repeats is considered to be as closely related genetically to an allele with 15 repeats as to one with 16 repeats, i.e. proximity in terms of the number of repeats does not indicate a greater phylogenetic relationship. This is Wright's (1931) classical model in which he uses F-statistics.
Stepwise mutation (SM) model
When a microsatellite locus mutates, it gains or loses a repeat. This implies that two alleles differing by only one motif are more related (i.e. share a more recent common ancestor) than alleles differing by several repeats. Slatkin (1995) proposed a genetic differentiation measure (R ST ) similar to Wright's (1951) F ST and Nei's (1973) G ST but based on the SM model.
The SM model is usually preferred when estimating relations between individuals and population structure, except in the presence of homoplasy (i.e. when two alleles are identical by state but not by descent). Homoplasy may seriously influence population studies involving high mutation rates and large population sizes together with strong allele size constraints (Estoup et al., 2002) . The model described by Slatkin (1995) is based on traits with continuous distribution, number of base pairs or number of repeats, and it groups individuals according to the number of repeats.
Two phase (TP) model
Di Rienzo et al. (1994) introduced this model as an extension of the SM model for studies on microsatellites. It states that most mutational events result in an increase or decrease of one repeat unit, though infrequent alterations of a large number of repeats also occur.
K-alleles (KA) model
Crow and Kimura (1970) proposed the KA model in 1970, which assumes that if there are exactly k possible alleles in a given locus then the probability of a given allele mutating into any other is µ/k -1, where µ is the mutation rate.
Genesis of Microsatellites
In yeasts, it seems that no minimum number of repeats is required for microsatellites to evolve (Pupko and Graur, 1999) . Rose and Falush (1998) compared the ex- 296 Microsatellites, a review pected and observed numbers of microsatellites in the yeast genome and found that long repeats are more common than would be expected by chance and attributed this to slippage. A small number of repeats (fewer than 8 nucleotides, e.g. 2 tetranucleotides, 4 dinucleotides or 8 mononucleotides) is less common than would be expected by chance events, which explains the fact that DNA polymerase slippage is rare. A study on the origin of microsatellites concluded that a minimum number of repeats (proto-microsatellite) is required before DNA polymerase slippage can extend the number of repeats (Rose and Falush, 1998, Messier et al. 1996) . It has been shown that in species that have primates as their common ancestor (e.g. gorillas, chimpanzees and humans) a GA mutation at the η-globin locus changed the sequence ATGTGTGT to ATGTATGT, thus creating a microsatellite (ATGT) 2 which evolved into (ATGT) 4 in African monkeys and (ATGT) 5 in humans (Messier et al. 1996) . Zhu et al. (2000) conducted an elegant study on mutated human genes and demonstrated that more than 70% of all 2 to 4 nucleotide insertions resulted in 2 to 5 new repeats, most of which are not extensions of pre-existing repeats but new microsatellites originating from random sequences. This indicates that the types and processes that lead to the expansion of microsatellite loci and polymorphism also occur with few repeats.
In humans, as compared to yeasts, a completely different mechanism for generating microsatellites has been deduced from the association of microsatellites with retrotransposons (Nadir et al., 1996) . The authors speculated that microsatellites rich in A-base were generated by the extension of terminal 3' of retrotranscripts, similarly to the mRNA polyadenylation mechanism.
According to Arcot et al. (1995) , the Alu SINEs (interspersed nuclear elements) family is largely dispersed in the primate genome, and is likely to contribute to the genesis of microsatellites due to the presence of adenine-rich regions at the 3' terminal and within the sequence. The association between microsatellites and Alu elements can be explained in terms of three mechanisms: 1) the Alu element integrates into a pre-existing microsatellite, resulting in repeats of the microsatellite flanking the element; 2) Alu elements are integrated with mutations that are introduced in the primary transcript during reverse transcription, with the mutation acting as a nucleus for microsatellite genesis; and 3) the accumulation of random mutations in the poly(A) tail of Alu elements, followed by the expansion of this region by slippage or intra-allelic recombination to produce microsatellites. Mechanism 1 assumes that microsatellites are present a priori to the insertion of Alu elements, whereas mechanisms 2 and 3 are based on indirect evidence suggesting that the internal adenine-rich region and oligo(dA) 3' terminal of the Alu elements are sources for microsatellite genesis.
While such an association has been found to apply to a great number of organisms, a high density of transposable elements does not always coincide with a high density of microsatellites (Lin et al., 1999) . Therefore, retrotransposition as a generalized mechanism for microsatellite genesis remains questionable. Ramsay et al. (1999) analyzed microsatellite flanking sequences in hops and showed that a high proportion of clones were homologous to known transposons. An association was found between the repetitive dispersed element R173 and the transposons BARE-1, WIS2-1A and PREM1. The microsatellites found in Ramsey's study were of two types, those with single sequences in the flanking region and those associated with retrotransposons and other repetitive dispersed elements. Three subtypes compose the second type: a) those positioned at terminal 3' of the transposon with a single sequence at the other terminal; b) those positioned at terminal 5'; and c) those in which the internal sequence of the transposon is homologous in both flanking regions.
Microsatellite Size Distribution in Genomic Sequences
The number of repeats is a crucial factor determining the evolutionary dynamics of microsatellite DNA, and it is important to investigate which parameters influence the length of repeats. Taking the simplest model of microsatellite evolution, DNA slippage is a symmetrical process and, consequently, the number of repeats added is on average the same as the number removed. Kruglyak et al. (1998) proposed a model for the size distribution of microsatellites in genomic sequences that does not assume selection or mutation to be size-related processes, infinite growth being prevented by the accumulation of base substitutions at microsatellite loci. An important aspect of this model is that it assumes a constant base substitution rate in which the slippage rate can be determined on the basis of the microsatellite length distribution in genomic sequences. This means that species with short microsatellites (e.g. Drosophila melanogaster) should have lower microsatellite mutation rates than species with longer microsatellites.
We can test this theory by comparing the mutation rates of microsatellites with equal number of repeats. Given that microsatellite loci are quite well conserved in different species, it is possible to determine whether the number of repeats diverges according to species. A comparison of microsatellites from chimpanzees and humans showed that human microsatellites contain many more repeats (Amos et al., 1996; Cooper et al., 1998) .
Genome Distribution
Microsatellites are not regularly distributed within a single genome due to differences in their frequencies within coding and non-coding sequences (Arcot et al., 1995; Wilder and Hollocher, 2001 ) and the possible functional roles of different repeats (Valle, 1993) . The frequency of genomic microsatellites also varies per taxon, in terms of absolute numbers of microsatellite loci and preferential repeats (Hancock, 1999) . In plants, the estimated frequency is 0.85% in Arabidopsis and 0.37% in Zea mays while in fish it is 3.21% in Tetraodon nigroviridis and 2.12% in Fugu rubripes (Crollius et al., 2000) and in Homo sapiens chromosome 22 the microsatellite frequency is 1.07% whereas in the whole Caernorhabditis elegans genome it is only 0.21% (Tóth et al., 2000) .
According to Morgante et al. (2002) , microsatellite frequency differs amongst some plant species i.e. Arabidopsis, maize, soybean, wheat and rice, and is high in Arabidopsis and lower in species with comparatively larger genomes such as maize and wheat. Morgante et al. (2002) point out that there is a significant positive linear relationship between microsatellite frequencies and the percentage of single copy DNA, suggesting that microsatellites should be more frequent within single copy DNA than repetitive DNA. The suggestion that microsatellite frequency is a function of the relative proportion of single copy DNA rather than the size of the genome as a whole is interesting, although this contradicts studies affirming that microsatellites are elements derived from repetitive sequences and that an increase in microsatellite density is closely-related to an increase in genome size (Schlötterer and Harr, 2000) .
Due to the high microsatellite mutation rate it is to be expected that coding regions have a low microsatellite density because if they do not these regions would be significantly altered, possibly leading to loss of functionality. Comparative studies (Tóth et al., 2000) in both coding and non-coding regions of different species have confirmed this hypothesis by showing that only tri-and hexa-nucleotides are to be found in excessive numbers over a wide range of repeat unit sizes. In contrast, other types of repeats were much less frequent in coding regions than in non-coding regions. This means that selection against mutations that change the reading frame of a gene restrict the presence of microsatellites in coding regions, while microsatellites with repeats in multiples of three develop evenly in both regions (Metzgar et al., 2000) . Obviously, this is related to the fact that RNA bases are read as triplets.
The density of perfect and imperfect microsatellites in genomic regions and expressed sequence tags (ESTs) of Arabidopsis thaliana, Oryza sativa, Glycine max, Zea mays and Triticum aestivum has been assessed by Metzgar et al. (2000) and confirmed by Morgante et al. (2002) , both of whom showed that different selective pressures seem to be acting on 5' and 3' untranslated regions (UTRs) and open reading frames (ORFs) of transcription units. These authors found that microsatellite frequency at the 3' UTR region is higher than that expected for the whole genome, with triand tetra-nucleotides contributing markedly to this increase. Moreover, the 5' UTR region shows a much higher microsatellite frequency than other genomic fractions, and this is due to the presence of di-and tri-nucleotides, principally AG/CT and AAG/CTT repeats. The difference in selective pressure between the 3' and 5' UTR regions is clearly due to the higher frequency of CT and CTT repeats in comparison to AG and AAG at the 5' end as compared to the 3' end.
The contrasting frequency data for different genomes strongly suggests that microsatellite distribution is not merely a reflection of the base composition of the genome but that the DNA repair system plays an important role in determining microsatellite distribution in different species. Tóth et al. (2000) reported that the total number of 1 to 6 repeat microsatellites varies depending on the taxonomic group concerned, ranging from 13,889 (approximately 429 per Mb, excluding single-base repeats) in Rodentia, to 4,139 (154 per Mb) in Embryophyta, 3,004 (99 per Mb) in Sacharomyces cerevisiae and 2,139 (88 per Mb) in Caernorhabditis elegans. Since 1 Mb corresponds to 2,000 non-overlapped clones with insert sizes of approximately 500 bp, 21.45% positive clones in rodents and 4.4% in C. elegans would be expected using traditional methods for isolating microsatellites. However, when specific repeats are focused, the expected frequency of any tri-or tetra-nucleotide repeat is less than 1% of positive clones in all taxa. Song et al. (2002) for (GGA/CCT) n . Lin et al. (1999) showed that there was a strong reduction in the density of di-nucleotide microsatellites around the centromere of chromosome 2 of A. thaliana. This tendency was also found in Drosophila (Pardue et al., 1987; Lowenhaupt et al., 1989) . Interestingly, the underrepresentation of microsatellites in these genomic regions with a high density of transposons contrasts with the association between microsatellites and the 3' region of retrotransposons of humans (Nadir et al., 1996) . If a causal correlation exists between microsatellite genesis and transposon insertion, a higher microsatellite density would be expected in the centromere region.
Non-random microsatellite distribution can also be detected on a more refined scale. Microsatellites that tend to form clusters, leading to non-random distribution in sequences smaller than 15 kb (Bachtrog et al., 1999) , being found in D. melanogaster. Similarly, microsatellite cloning frequently reveals more than one microsatellite sequence in a clone and also indicates that the microsatellites are organized in clusters (Estoup et al., 1999) .
Functional Importance of Microsatellites
Microsatellites can have either a neutral effect on the genome or perform important functions in particular spe- 298 Microsatellites, a review cies. Some reports indicate that microsatellites are associated with the regulation and/or functioning of genes, for example (CT) n motif microsatellites at the 5' UTR region of certain Arabidopsis genes play a role in anti-sense transcription (Kashi and Soller, 1999 and references therein).
Microsatellites are known to be related to pathogenicity and genomic variability in microorganisms and many examples of microsatellites associated with the modulation of microbial gene expression have been identified (Jackson et al., 1997; Field and Wills, 1998; Saunders et al., 1998) . For instance, tetra-nucleotide repeats are present within the ORFs in genes coding for Haemophilus influenzae lipopolysaccharides, with variation in repeat number influencing protein production (Belkum, 1999) . Repetitive microsatellite-like sequences have also been found in a number of virulence genes in pathogens (Hood et al., 1996) .
The Adaptive Peaks Theory (Wright, 1931; 1932) and the fact that the frequency of a microsatellite allele represents a maximum local adaptive value for the population suggests that the majority of mutations generating new alleles result in gene variants of lower local adaptive value.
A number of authors have suggested another function for microsatellites and show that di-nucleotide repeats can act as recombination hot spots (Treco and Arnheim, 1986; Wahls et al., 1990; Bailey et al., 1998) . This microsatellite function allows populations to recover genetic variation lost through genetic drift and rapidly adjust to evolutionary demands (Foster and Trimarchi, 1994; Rosenberg et al., 1994) .
There is strong evidence that microsatellites can be found upstream of the promoter region and thus regulate the expression of eukaryote genes. For instance, the regulation of several genes depends on the binding of GAGA transcription factors to a small segment of the microsatellite composed of CT repeats present at the first intron promoter of these genes (Biggin and Tjian, 1988; Gilmour et al., 1989) , GAGA binding appearing to activate transcription by removing nucleosomes from the promoter or separating the gene from the position effect (O'Donnell et al., 1994) .
Microsatellite Transferability
Progress in the use of microsatellites has encountered setbacks due to the high cost of developing specific primers. However, many studies have shown that primer pairs designed for one species can be used for other species of the same genus (Isagi and Suhandono, 1997; Cipriani et al., 1999) or even for different genera of the same family (White and Powell, 1997; Roa et al., 2000; Zucchi et al., 2002) , this microsatellite attribute being known as transferability or cross-species amplification.
Transferability can be a very important factor in facilitating the use of microsatellites because it reduces costs when working on taxa with low microsatellite frequencies or from which microsatellites are difficult to isolate. Microsatellite transferability amongst related species is allowed by the homologous nature of the DNA sequence in microsatellite flanking regions. However, as expected, the successful amplification rate declines as genetic divergence between species increases (Primmer and Merilä, 2002) .
It is worth noting that studies on both humans 1995; Morin et al., 1998) and birds (Ellegren et al., 1995) have shown that the degree of microsatellite polymorphism is not transferable, i.e. high levels of polymorphism detected in one species may not be found at the correspondent locus of another species after primers have been transferred.
In plants, conserved microsatellite loci have been observed across cultivars, subspecies and related species (Mé-tais et al., 2002) . Zucchi et al. (2003) were successful in transferring primers originally developed for Eucalyptus spp. (Brondani et al., 1998) to Eugenia dysenterica, both of which are members of the same family but separated by a considerable phylogenetic distance. In this case, 3% microsatellite locus amplification was possible but about 30% of the primers amplified non-specific PCR products, revealing the occurrence of mutational events in the primerbinding region.
Working with birds, Lillandt et al. (2002) were successful in using primers originally developed for 18 Corvidae species in Perisoreus infaustus, although some primers that did not produce good quality amplified products had to be redesigned in order to amplify the original locus. This supports the hypothesis that transferability is not overly dependent on phylogenetic proximity. Microsatellite transferability is very advantageous when dealing with birds because there is a low frequency of microsatellites in avian genomes.
In felines, 18 primers developed for Panthera tigris sumatrae showed total transferability to 11 species belonging to three other feline genera, Felis, Acinonyx and Neofelis was also demonstrated (Williamson et al., 2002) .
However, very low levels of transferability have been reported in the amphibian genera Triturus (Garner et al., 2003) and Rana (Primmer and Merillä, 2002) , possibly due to the fact that amphibians have a very large genome, twice as big as mammals and four times that of birds. These two studies not only show that phylogenetic proximity is a predominant factor in successful transfer but also that transferability is probably affected by other factors such as the size and complexity of the genome concerned and whether or not the microsatellite belongs to a coding region.
Plant Population Structure: The Genetic Power of Microsatellites
Compared with other classes of markers microsatellites are highly polymorphic, because of which they have been used not only to answer several questions related to plant population genetics, such as gene flow and paternity analysis (Wright and Bentzen, 1994) , but also for the study of natural plant populations (Collevatti et al., 1999; Daynandan et al., 1997) .
Knowledge of the distribution of genetic variability between and within natural plant populations is essential to adopt competent strategies for ex situ and in situ germplasm conservation and microsatellites are extremely useful for estimating genetic population parameters as (i) population structure, (ii) parentage and paternity analysis and (iii) gene flow, all of which will be discussed in more detail below.
Genetic structure of populations
The most efficient measure to assess population structure is based on Wright's F-statistics (1951), Wright's inbreeding coefficient (F ST , also called θ) being particularly useful for analysing microsatellite markers because it is able to discriminate between alleles, especially that rare ones, although F ST produced using such markers can sometimes be overestimates of the true value.
Microsatellite markers include loci with a large number of alleles, but one question that should be asked is whether a large number of loci or a large number of alleles is more important in genetic assessment. Working on the relationship between the allele number and the coefficient of variation of four genetic distances, Kalinowski (2002) used simulated data to show that highly polymorphic loci provided better estimates of genetic distance than less polymorphic loci and that increased allele number was associated with a decrease in the coefficient of variation of each of the four genetic distances studied. These results show that there is no requirement to examine either highly polymorphic loci or large numbers of loci, the only requirement being that a sufficient number of alleles is examined.
However, the high mutation rate of microsatellites can also invalidate many assumptions used in some conventional population structure analysis because different populations may share homoplasic alleles at frequencies that depend on both the rate and the details of the mutation process (Estoup et al., 2002) . When such effects are ignored the rate of gene flow or genetic introgression can be overestimated (Balloux et al. 2000) . Slatkin (1995) developed the R ST statistic (also called , analogous to F ST ) to take into account the effects of mutation, but although R ST performs better than F ST in some circumstances it can also be sensitive to details of the mutation process (Balloux and Goudet, 2002) .
Since mutation rate varies widely between loci within species (Di Rienzo et al. 1998 ) one advantage of loci with a high mutation rate is that genetic differentiation reaches equilibrium faster, offering the possibility of obtaining estimates from larger and more widely spaced populations. Using a microsatellite data set from Mauritian skinks, Nichols and Freeman (2004) proposed a method for analyzing genetic data to obtain separate estimates of population size and migration rate for sampled populations without precise prior knowledge of mutation rates at each locus.
When working with microsatellites and low migration rates, the F-statistic is sensitive to the mutation rate but, unlike the situation under a strict stepwise mutation model, under these conditions R ST is independent of the mutation rate and, due to its high associated variance, can be less accurate at reflecting population differentiation than F ST (Balloux and Lugon-Moulin, 2002) . Moreover, R ST will be deflated when the mutation pattern includes mutations involving more than one repeat when the number of possible allelic states is finite (Slatkin, 1995) .
The estimation and comparison of both F and R-statistic is especially relevant for critical comparison and careful interpretation of data and may give the most valuable information about the genetic structure of a population. Collevatti et al. (2001) used microsatellite loci to investigate the population genetic structure of the endangered tropical tree Caryocar brasiliense and found that F ST was significant lower (0.07) than R ST (0.29) over all loci. This was due to the high and variable mutation rates of microsatellites that usually display high levels of within-population heterozygosity. Slatkin (1995) states that statistics such as F ST , which are based on an infinite allele model and consider alleles to be identical by descent, tend to underestimate population differentiation and produce lower values than their corresponding R ST values. In some cases, however, no significant differences have been found between F ST and R ST values, examples being the assessment of genetic structure in populations of Mesoamerican big-leaf mahogany (Swietenia macrophylla, Meliaceae) carried out by Novick et al. (2003) , which produced similar overall F ST (0.109) and R ST (0.177) values, and the study of mahogany (S. macrophylla) by Lemes et al. (2003) in which the overall values of F ST (0.097) and R ST (0.147) were again quite close, a further example being the study of Bowen et al. (2005) with loggerhead turtle (Caretta caretta) that again produced similar F ST (0.002) and R ST (< 0.001) values.
Another important point regarding the use of microsatellites for genetic analysis of populations has been raised by Petit et al. (2005) who suggested that microsatellite loci with more repeats generally show higher mutation rates (probably because DNA slippage increases in proportion to the number of repeats). In addition, if genetic diversity depends on mutation rate and mutation rate itself depends on the number of repeats subsequently there should be a relationship between microsatellite genetic diversity and the mean number of repeats (MNR). Petit et al. (2005) proposed using allele size and the polymorphism rate of chloroplast microsatellite loci to standardize the level of diversity when microsatellites differ in size and investigated the relationship between the MNR and genetic variation as a prerequisite to comparative studies of genetic diversity. Their findings suggested that the greater allelic richness 300 Microsatellites, a review found in some species remains significant after controlling for the number of repeats.
Parentage and paternity analysis Plant paternity analysis and gene flow studies have often employed microsatellite markers because unlike allozyme loci, which do not have sufficient variability to determine parentage by exclusion (Chakraborty et al., 1988) , each microsatellite locus has many relatively rare alleles and in most case an individual can be excluded from paternity using only a few loci (Dow and Ashley, 1996; Dow et al. 1995) . Chase et al. (1996) used four microsatellite loci and six allozyme loci to estimate paternity exclusion in Pithecellobium (Mimosoideae) and found that not only were microsatellite loci powerful tools for the analysis of population structures but also provide a means for accurately examining both gene flow and paternity, two important parameters in conservation biology.
Concerning relationship coefficients, a problem arose when the term coefficient de parenté (proposed by Malécot, 1948) was translated as coefficient of relationship (f) that had already been used by Wright (1922) . Thus coefficient de parenté is variously known as kinship (Malécot, 1948) , parentage (Kempthorne, 1957) and coancestry (Falconer, 1960) .
Kinship is usually calculated either by genetic methods, which employ molecular markers to estimate relatedness based on a quantitative measure of kinship or by genealogical methods that employ qualitative pedigree data based on relationships such as full sibs, half sibs, father and son, etc. Bernardo et al. (1996) used relationship coefficients to construct a mean genetic relation matrix for use with a best linear unbiased prediction (BLUP) model to calculate combination capabilities and additive and dominant genetic values. Using this methodology it is possible to select genotypes controlling the relationship level (an inverse measure associated with the effective population size; Souza and Sorrels, 1989) and to specify the minimum genetic distance for varietal protection (Hunter, 1989) in light of the fact that when a population is submitted to strong selection variability can be lost.
Molecular markers were not widely available until the 1980s, before which relationship coefficients were estimated using pedigree data but this type of data suffers from the disadvantage that it requires large amounts of historical information that is rare for plants and generally unavailable for natural populations.
Allozymes are not the best markers for estimation relationship because of their restricted ability for sampling the genome as a whole, the most effective marker for this type of estimation being microsatellites as they are codominant and hypervariable (and therefore able to distinguish between closely-related individuals), are abundant in several genomes and are generally used in conjunction with the PCR. The fact that microsatellite studies employ PCR is the main reason why geneticists in general prefer microsatellite markers as opposed to restriction fragment length polymorphic (RFLP) markers, which although codominant are not PCR-based. In general, only 30-40 microsatellite loci are needed to provide a satisfactory estimate of relationship (Blouin, 2003) .
The reason why it is best to use codominant markers to estimate relationship coefficients is the need to discriminate between alleles since, in heterozygous diploids, once we know two alleles at a specific locus it is possible to calculate its complete allelic and genotypic composition. Such considerations indicate that microsatellite markers are the most informative marker for calculating relationship coefficients. Several papers discussing how relationship coefficients can be produced using molecular markers have been published (Queller and Goodnight, 1989; Li et al., 1993; Lynch and Ritland, 1999; Wang, 2002) , all of which have concluded that a large number of markers and individuals must be used and that this is particularly important when maximum likelihood estimators are employed (Ritland, 1996) . A good example of the use of a large number of microsatellite markers is the study of Bowers et al. (1999) who used 32 microsatellites loci to detect the relationships between 300 grape cultivars, the results showing that most cultivars originated from only a single pair of Pinot and Gouais blanc parents that were widespread in northeastern France during the middle ages.
Another important point is that the markers used for calculating relationships must be independent because if they are not the precision of the estimates will be low (Thompson and Meagher, 1998) , this is the reason why all relationship models need to incorporate data from independent loci. Since microsatellites are able to distinguish between alleles, they are the most powerful molecular tool for relationship analyses such as paternity testing that require a high level of precision. This type of analysis has a fundamental role in plant genetics, because it can provide the information necessary to detect the parent of a specific individual in a population. To exclude a random individual from paternity, paternity analysis uses exclusion-probability techniques (Weir, 1996) which depend on the allele frequencies for that locus but not on the genotypes.
Due to its forensic importance, much paternity testing research has been carried out on humans but is equally applicable to plants. In human paternity testing, the conditional probability that a specific man is not the father given the joint probabilities of mother-child combinations is given by the following equation:
where P is the allelic frequency, U is the u-th allele and V the v-th allele and Q is the overall probability of exclusion.
It is easy to understand that as more alleles are identified the importance of a particular locus increases, analogous to the increase in exclusion probabilities as the number of loci used is increased. When several independent loci are involved and Q l is the exclusion probability for locus l the overall probability of exclusion (Q) is given by Weir (1996) as:
As recommended by the Combined DNA Index System (CODIS), human paternity tests use 13 microsatellite loci to give a Q value of 1 x 10 -4 (Chakraborty et al., 1999) but if less loci are used then the Q value will be higher (i.e. more towards 1, indicating a lower value of exclusion), with, for example, two microsatellite loci with 10 alleles of equal frequency will give a Q value of 0.96.
Gene flow
As pointed out by Avise (1994) , loss of genetic variability is the central topic in conservation genetics because small populations (especially of allogamous species) occurring in fragmented areas can suffer from inbreeding depression leading to the loss of heterozygosity, genetic diversity and adaptivity.
Gene flow is fundamental for the maintenance of metapopulations because it allows genetic diversity to be maintained by acting directly on the population structure and against random genetic drift. Thus gene flow results in homogenization of allelic frequencies and exactly the opposite effect to genetic drift which tends to make populations genetically more heterogeneous. Gene flow can be quantified indirectly using F ST estimates, the number of private alleles, space autocorrelation and coalescence or directly using morphological markers and paternity analysis. In plants, paternity analysis is the most widely-used method for estimating direct gene flow and by analyzing several loci estimates can be made of the probability of an individual plant being the most probable male parent of a specific offspring among all possible male plants in a particular population. Once the male parent is identified, the pattern of pollen movement can be determined, although the applicability of this methodology is limited to small populations.
In population genetics, the most usual procedure used to quantify gene flow between populations is based on Wright's infinite-alleles model (see Slatkin, 1995) , which assumes migration-drift equilibrium among all populations. Estimates of gene flow based on the analysis of genetic structure of populations can be obtained using the F ST statistic. Gene flow estimated by this method is known as apparent gene flow because it assumes that the genetic structure of the population fits an island model in which there is equilibrium between migration and genetic drift. Under this assumption F ST is a function of the number of migrants per generation, Nm, where N is the population size and m is the proportion of migrants per generation, the relationship between F ST and Nm being:
Estimated Nm values for tropical species are generally higher than 1.0 (Ciampi, 1999; Lemes et al., 2003) , with Wright (1951) stating that when Nm is higher than 1.0 or when there is one or more individual migrant per generation the effect of migration is sufficient to oppose the drift effect. This simple method for estimating gene flow has been used widely in conservation studies.The estimated gene flow based on F ST for some tropical species is given in Table 1 where it can be seen that the values ranged from 0.75 to 5, although special care should be taken in interpreting these estimates because, as previously stated, gene flow estimates based on F ST may not be reliable. However, it is interesting to note that E. dysenterica population showed the lowest gene flow (Nm = 0.75 migrants per generation) and it is probably in serious risk, while for C. langsdorf the situation is less drastic because the estimated flow of migrants was 5 per generation. Gaggiotti et al. (1999) conducted simulation studies in which they compared two procedures for estimating gene flow (Nm) based on microsatellite data. These authors compared Nm values obtained using Wright's F ST statistic which is defined on the basis of the variance of gene frequencies with R ST values (Slatkin, 1995) which is estimate from the variance of the length of the allele, the underlying genetic model assuming stepwise mutations and constraints in the range of allelic size classes. The results of these simulations suggested that the use of microsatellite loci can lead to serious overestimation of Nm especially when population sizes are large (N > 5,000) and the range of constraints 302 Microsatellites, a review Zucchi et al. (2003) are high. For large population sample sizes (n s = 50) when many microsatellite loci (n l = 20) were present R ST performed better than F ST while when sample sizes were moderate or small (n s = 10) and the number of loci was low (n l = 20) F ST performed better than R ST in estimating Nm.
These results highlight the fact that when microsatellites are used in interpopulation diversity and gene flow studies of natural populations there is no standard biometric estimation procedure adequate for all situations and procedures should be chosen according the characteristics of the data.
Effective population size
Gene diversity or expected heterozygosis (h) (Weir, 1996) is an important parameter in studies on the genetic structure of populations. At an intrapopulation level h is defined on a locus basis as being h p u is the variance of the allelic frequencies of the locus. The h parameter is therefore higher for loci with many alleles and for which s p 2 is small. A favorable aspect for studying the molecular diversity of populations is provided when microsatellite markers are used because a large number of alleles is generally detected. For example, the potential range of h for a locus with three alleles, is 0 to 0.67 and for a locus with 10 alleles is 0 to 0.9 and consequently there is greater sensitivity in detecting diversity when microsatellite markers are used in comparison to other markers. This favorable aspect is also observed when populations are subdivided and total diversity is split into components between and within subpopulations, as proposed by Nei (1973) .
In investigations involving several natural subpopulations belonging to a metapopulation, the use of microsatellite markers results in a considerably higher number of exclusive or private alleles, which is very important for estimating the degree of isolation of the subpopulations. However, when dealing with parameters such as the effective populations size (N e ) that are used for measuring the drift of gene frequencies due to sampling occurred preceding generations it is questionable if microsatellite markers are adequate. In this case Vencovsky and Crossa (2003) have shown that Wright's F statistics (e.g. F ST and F IT ) are fundamental for estimating the effective populations size of samples. A random model is required because interpopulation diversity in a given generation is a consequence of drift alone, when microsatellite mutation rates are high a random model is no longer applicable and estimates will be biased.
